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ABSTRACT

The Tritium Plasma Experiment was assembled at Sandia National Laboratories, Livermore
to investigate interactions between dense plasmas at low energies and plasma-facing
component materials. This apparatus has the unique capability of replicating plasma
conditions in a tokamak divertor with particle flux densitics of 2 x 10" ions/cm®s and a
plasma temperature of about 15 ¢V using a plasma that includes tritium. With the closure
of the Tritium Rescarch Laboratory at Livermore, the experiment was moved to the Tritium
Systems Test Assembly facility at Los Alamos National Laboratory. An experimental
program has been initiated there using the Tritium Plasma Experiment to examine safety
issues related to tritium in plasma-facing components, particularly the ITER divertor.
Those issues include tritinm retention and release characteristics, tritium permeation rates
and transient times to coolant streams, surface maodification and crosion by the plasma, the
cffects of thermal loads and cycling, and particulate production. A considerable lack of
datir exists in these arcas for many of the materials, especially beryllium, being considered
for use in 'R, Not only will basic material behavior with respect to safety issues in the
divertor epvironment be examined, but innovative techniques Tor optimizing, performance
with respeet o tritivm safety by material modification and process control will be
investipated. Supplementary experiments will be cined out at the Tdaho National
Engineering, Laboratory and Sandia National Laboratory to expand and clarify results
obtined on the Totium Plasma Expetiment. An industrial consortium led by MeDonnell
Douglas will desaipn and faonicate the test hixtures

Prepined fon the 1020 Department of Foegey, Ofhiee of Foerpy Research under Dol
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INTRODUCTION

Safety is onc of many issues facing the designers of plasma-facing components
(PFCs) of the International Thermonuclear Experimental Reactor (ITER) and other
developmental fusion machines. In many areas, the safety of systems and components may
be reasonably well estimated from existing test data or using existing analytical tools. For
PFCs, however, there are safety concerns for which there are few if any prior results on
which to base design decisions.

The ability to simulate the environment encountered by PFCs is a key one in
developing the experimental data base for PFC safety. That capability exists in the Tritium
Plasma Experiment (TPE)®, an apparatus initially constructed at Sandia National
Laboratories, Livermore (SNLL), and now planned for operation at the Tritium Systems
Test Assembly (TSTAY at Los Alamos National Laboratory (LANL). The experimental
apparatus has a nominal particle flux of 2 x 10* iras/m’.s, a background gas pressure of
13 mPa, a plasma density of 2 x 10" ion/m’, an electron temperature of 15 ¢V, and a
magnectic ficld intensity of 0.25 tesla. The volume available for the test article is nominally
two liters. The configuration of the device is essentially the same as that of the PISCIIS-A
facility at UCLA.W"

A project involving the collaborative efforts of the ldaho National Engineering
Laboratory (INEL), SNLIL, TSTA, and an industrial consortiuin led by MDC Acrospace has
been initiated to investignate safety issues for PFCs using the TPE facility. The purpose of
this repait is to lay the background for undertaking that task, to outline technical and
progranmnatic acsamplisiments the project should pursue, and to provide general guidance
to experiment designers. \/,,,,a /s

The INEL has varied interests in this experimental progiun The Fusion Safety
Propram has responsibility Tor safety in most aspects of desipn, including plasma- facing,
components.  “ecking to assure the success of ITER, there is a sttong desire to
establish/improve lines of communication with other clements of the I'TER Team and other
fusion developars. Information needs to be pathered to be used as a basis for preparing,
puidance to desipners and repulitors. Small, supplementary expeniments to augment what
will be doae on this project can also be performed at the INEL. SNLL has interests also
DBecause the TPE was developed and assembled at SNLL, the only real expertise in ity
operation 1 presently there Additionally, SNLT tesemei specialists in plasma material
interzetions will e able o contribute substantialiy o the understanding, of expetimental
results obtained with I'PE TSTA contributes the Taboratory space and the unigque rittm
handhine wupport systemrs that will allow TPEF w operate The TS TA stall will alvo bevcome
svadem operators The MDC Aetopace team i been awinded o contract by the TS
Departiment of Faerey (001) 1o movede engineering sapport services o HER in the aeea
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of PFCs. In that role, they will be designing and developing many of the internal
components for the U.S. ITER Home Team. This comhination of resources should assure
success of the project.

SAFETY CONSIDERATIONS

In this section, the background is laid for investigation of the various safety issues
associated with PFCs. Safety is a major consideration in the ultimate viability of fusion
power as an cnergy source. In a typical commercial fission reactor power plant in the U.S.
almost half of the total operating costs are not associated with plant maintenance or fuel,
but with operating procedures that arc strongly driven by the costs of sccuring and
maintaining public acceptance through documentation of safety-related performance.
Approximately 20,000 pages of licensing correspondence must be prepared cach year for a
represcentative pressurized water reactor. Unless fusion can be shown to have substantially
greater inherent safety characteristics that fission reactor systems, we may expect that the
costs of documenting compliance with the various cnvironmental and safety regulations will
be as high for fusion as they are for fission. Since initial capital costs will be higher for
fusion, there will be no incentive for commercialization.  Thus, safety in fusion is onc of
the high-priority conceins in fusion development. Safety of plasma-facing components is a
significant part of that concern.

Tritium Inventory and Accountability

(n-site tritium is a major factor in the radiological hazard associated with any
tritium -burning fusion reactor. While systems such as the fuel storage and injection
systems, the exhaust gas cleanup system, isotopic separation, and waste processing systems
will house much of the uitium inventory for the [acility, large amounts may also be
expected 1o coat the walls ol beamlines and cryopumping swifaces (i used) and o 1eside on
PFCys  In the event of a sttuctmal failure or other aceident esalting in an over- temperature
transient, titinm on surlaces may be released, causing a threat to workers and o the
covitonmert and its residents. That s o major reason that the amount of titinm  that s
anthonzed to be on site during operations s stoetly limited

To bein complianee with that himitation, fusion machine owners sid operators must
be able o determme how the tiam inventory s distnbited wathin the fusion: plant
Specihieally, that includes deternmation of how much minum resdes i PEFCS and how
vilnerable that mventory o release That calls both tor undertandimg, the proceses
il piace there and lor meacarement methods that o confiom the presence o abeence
ol «ueh an mventory

Studies have been pettonmed o evaliate toum aptal ¢ characien e lor ceram
matersals sl s aphine " bat for others, hitle work e been done Bepy oam s a
wederial beme stronedy copeadered for PECS There i hitle worl available on the nomm
nptal.e sl retention chara tenees ol berslhiom exposaesd oo plsana Wl I-Kl | ~howt .



that retention as indicated by apparent solubility is strongly influenced by the composition
and structure of materials, also by its manufacturing history.”? Further evidence points to
trapping that may be induced in damage caused by plasma ions and by neutrons, 4

Much of the work on PFC materials has been done on thin foils using ion beams,
ofien of greater than prototypical ion cnergies.” A definite lack of detailed information
exists on tritium uptake properties of bulk beryllium and other plasma-facing materials.
Behavior fundamentally different may be expected in the bulk than in thin foils because of
the limited penetration of plasma ions.

Along with uptake and rectention characteristics, the release characteristics of PFCs
need 1o be determined. That is, what temperature is needed to cause the tritium to exit the
material or structure, what is its chemical form on release, and how fast does it come out?
What can be done to augment or suppress release during a thermal transient? This has
implications not only for accident consequence estimation, but it may impact the tritium
management practices and procedures during operations.

Tritium Permeation to Coolant Streams

When tritium is injected into the surface of a PIFC, the immediate tendency is for it to
be reemitted from the surface through which it entered.  However, because it is unnatural
for tritium to cxist as single atoms in the gas phase at modest temperatures, the reemission
from the surface must be accompanicd by recombination of the tritium with cither other
hydrogen atoms or other atomic complexes susceptible to hydrogen uptake.  That is usually
a second order process that requires the build-up of a titium concentration at the surface.
Such a surface concentriation gives rise to a concentration gradient from the plasma surface
to the coolant surlace of the PFC structure.  That concentration pradient supports diffusion
af titium throuph to the coolant stream.

Analysts frequently assume that if the coolant s water, any tritium entering the
coolant will be eventually lost to the envitonment Iecinrie of the difficulty of removing
titivm at low concentrations from water,  Also, water cooled systems tend o have leaks,
and tritiated water can eseape, apain to the envionment. 11 other conlants are used, the
natte of the problem varies, but sl there is the thieat of leaks tooa preater on lesser
extent I the permeating witinm is not lost o the envoonment, it contributes to the site
imventory and peneally requines costly systems for iemoving, the titium  from the coalant
Ilvm'cq-. i of great iferest © minimeee the permeation of it into the coolint sbeans

T Several beatures of tnimm permeation i PEC matenaly e of coneern from the <alety
peespreetive One s the rate at welneh i swall penetiate at steady state, atter the system
b come o a mere o feses equibibiionm condition That sall notmally be o funetion of the
component maierial, ceomeny meludimg ;|':'.|'||,l_i|'. techmgue for composite materals, and
averare temperatuee Ieawall al be mtnehee iy e temperatiee cradient i the material
Huoueh the Towdsoe Saonet effeot ™ ‘-ln||||.|||\'f that «Heot sl D o sanall e o e
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pronounced effect.  Coatings may be applicd that may hinder the permeation rate. These
may be relatively thick, highly recycling matcrials on the plasma side that will stop the

implanting ions and allow them casy access back to the plasma, thus preventing the base
material from seeing any significamt particle load. They may also be permeation resistant
coatings applied to the coolant side to restrict the flow of tritium into the coolant stream.

Another aspect of tritium permeation that is of concemn is the time required to get
permeation breakthrough. 1If it is possible to retard or delay the permeation through a PFC
for a time long, ~ompared with the operational intervals, then it may be possible to provide
a bake-out or other annealing process to drive the tritium from the material before it can
appreciably permeate into a coolant stream.  Such a delay may be accomplished by
deliberately inducing traps, but it is done at the hazard of increased inventory.

One prospect for reducing both inventory and permeation is the creation of a highly
recyeling material surface.  1f the surface becomes porous and spongy for a distance only
maodestly greater than the implantation depth, then atoms or ions implanted from the
plasma. when they do diffuse 10 a surlace, exit back to the plasma side, greatly reducing the
fraction of implanted atoms diffusing through to the coolant,™

Release or Dispersion of Activation Products or Toxins

When matenals such as bervlinun that bave inherent toxicity characteristics are
exposed o a plasma, sputtering takes place that may leave the materials in a form that will
become hizindous upon opening of the vacuum vessel. For example, beryllivm in the solid
metallic form wsed for PECS s not hazindows, Powdered baryllum, even if it has been
oxtdized, 15 respiable and henee must be puarded apainst i any opetations that may allow
it to become anborpe Sinnlnly, activithon products: liom ampurities on from the naterials
themeelves may e redoced 1o a state that conttol s difticalt One of the wehnical
abjecuves sddieseasd by the expenments wang TPE i the evaluation: of sputtering
characternnies top representative natenals - Another s the detenmnmition of miaterial
mobihty after having bheen spatiered that s, wall it become anborne when the vacuum
verrel o opened, or will at undereo chemie al reactions that may e coneern

OTHER ISSUES

Contribution to Waste Streams

I abwanadvanteeon o nmenese wasde sieames T e parionlarnly paportant
when sorede s are oy andoms s vadhoaciee Shoald wasdess Teecope both lugearstons and
Eidioac tive then ther become hocear boone nosed soedes S nnd the porientc wath vespect o
sl hecome componted o Thers o nad oo e alalite sathon the TR Prepartment ol
Foeres o beealls e of landon noeed woedes Fooaon de aener o need 1o oo the
patcetal lor ceperaties an b vacde means one of the mentioned cgtevones, caeasd Iy the



interactions of PFCs with the plasma. The experiment should yield information 1o help
resolve that issue.

Influences of Plasma-Facing Components on Plasma Performance

The potential exists for material from PFCs to enter the plasma, become ionized, and
to detrimentally influence plasma performance. One motivation for low-Z number materials
for PFCs is the need to prevent synchrotron radiation from electrons not fully stripped from
iheir nuclei. Such radiation can substantially cool the plasma, reducing the cnergy
confinement time. This experiment has the potential to observe changes in plasma emission
caused by target material cntering the plasma.

Gas puffing, such as now being considered for the ITEER divertor design, can be
experimentally studied in the dense plasina thiat TPI can produce.  This would provide
added data for edpe-physics modelers who are just lately able to simulate radiation by
impurity gas atoms in multi-dimensional problems. While the configuration of the TPE
plasma is markedly different from that in a divertor, measurements made on gas-plasma
interactions in TPI: could be used to validate analytical models, thus reducing uncertaintics
in calculations done for ITER or other machines.

TECHNICAL GOALS FOR THE EXPERIMENT
Test Configuration

The sequence of .I‘%lyl‘uﬂ- now conceived fon the project include several technical
poils,  Frrat will be 1o <onclide upon the specific desipn for the experiment.  The fist fesl
article will be representative of a leading: desipn for the FHER divertor. That will probably
mclude bervilinm as the plasma-facing material with a substiate of copper, Materal
thickness and joining (echnique will be prototepic, but beeause of the limited volume
avaulable 1 the test chamber, other dimensions wall be as requited to meet chimber
hnmtatjone

Fhe trpet amnembly will be actively cooled  Tor practical reasons, the st coolant
sl wall be waiter at low pressane A espenence s panned working, with the system, other
coolants (e v pressimzed water, pressanzed helim, and possably hguid metals) could e
condercd  Active cooling s requieed o sistiun the heat Toads mmposed by the plasima

Phe pleanas reed will be donnnantiv dentermm, thouyh tntiam wall he present when
sl twoodo o0 Mot of the eftecrs sidhed can b s done e accesstally with
dewtenimm s waith it Plowever, when mal ine permeation meaanements and some
ietention measiementss, the detecnon emanvny avabable for witm el dictate st
P ety panpereas, b may e puecabls toose opiy acanall oacnon sf totmme me the plasana
o a tacer o retatively lgh toeme fee ons plasanees oy be weed an spectfie



instances. In those cascs, it is probable that the full TSTA gas handling system would be
used to process TPE effluents and recover the tritium used.

Experiments

The first experiments will evaluate permeation rates and tritium retention under
nominal operating conditions. This will be done by operating the plasma column in a
temporal pattern and at plasma conditions typical of those expected for the I'TER divertor.
Permeation rates will be estimated by monitoring tritium concentrations in the coolant
strcam at regular intervals. Calculations using the TMAP4 code™ ' sugpest that the
characteristic breakthrough time for 2 mm of beryllium on a 5-mm thick copper substrate
operating at a heat {lux of 3 MW/m’ with a coolant temperature of 373 K (beryllium
surface temperature near 1000 K) may vary from about half an hour to two months
depending on the amount of trapping that is operative. Steady state permeation rate througth
a S-cm diameter interaction area would be about 1.8 Ci/day if the plasma were 1% tritium.

Once the basic operating characteristics of the experiment are evaluated, experiments
will be conducted to evaluate tritium retention and release processes for various accident
scenarios,  Loss of flow accidents (I.LOFA) or even loss of coolant accidents (LLOCA) could
be simulated and the evolution of tritium to both to the plasma side and to the coolant side
can be monitored.  Supplementary heating may be used to simulate gamma-decay heat from
neutron activation.  Consequence mitigation techniques in design and operating processes
can be evaluated.

PROGRAM

i i project s expnected to Tast foe ad least thiee vears - As indicated  previously, it
will be housed in the TSTA facility at LANI - SNET personnel will provide initial seoep
andd aperanng support and contnbute to data collection and analysis.  Fventually that
lunction wall be absothed by INTA personnel  Industial contractor participation: wall be
led by MDC Actospace an paat of then TTER support contract with DO, admustered by
SN INEL personnel will contiibute to expenment diaection, dita analveas, and
mterpretinon Fundmy for DO Liboratory patnopants comes duiectly to that Liborators

Supportmg experiments ore expecied ot INFL and SKET O INFD operates a sinalien
soaie o plmtation: facthiy wath about O 1%a of both the beam area and beam mtensaty
I advantaee e that the e and cont o conduct small scopmp expenments are much e
tan wonld be pegpured 1o conduct such expetiments on the 111 Typical -copiny
espetnnents iy be o examine permeaation aned re cmeeaon nites over o panee ol coatime
deranes for o parti ular materal coatimg combmation T an aptunmn e foud, that wonld
be selecred for evaluation e ereater deptho i TP
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to nuclear reaction analysis or other similar techniques. SNLI. has a strong history in

analyses of this type and other related ones. That laboratory may be called on for support
of this kind.

The industrial team led by MDC Acrospace has the responsibility for detailed desipn
and fabrication of the test hardware. This design will be accorplished in consultation with
the other participants in responsc to specific experiment requirements and current ITER
design information. Analyses of plasma-material interactions, thermalhydraulics issues, and
mechanical responscs may be done by any or all of the participants. Results from
appropriate analyses will be factored into the design. MDC Aerospace will be supported, in
turn, by other partners in the consortium. These include Ebasco Services, Inc., General
Atomics, Rockwell International, Westinghouse Illectric, and the University of Illinois.

SCHEDULE

This project was initiated late in 1992, It is expected to continue at least through
1996. The general schedule for performing the work is:

Iixxperiment , an and approvals 1993
Fabricate test article and start lests 1994
Report on first test series 1995
Follow on experiments 1996

Specific milestones for techmeal accomplishments and reporting will be developed as part
of the experiment plan and the project management plan.

MOTIVATION AND OUTLOOK

e as am important project that will make important conttibutions to the body of
hnowledpe needed for suecessiul desapn and operation of THER o other witiom burmmy

tohamaby I deserves and wall tequire o high level of support, both admmmistratively and
financially o to achieve sucees.

L ew b any other Lcihitiess can samulate the PHE eovoonment as well oy 1P can
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Projects like this will integrate industrial partners with DOE laboratory operations. !t
is the intent of the 1).S. DOE, and indecd of ITER, to involve private industries in the
development of fusion power. This is in harmony with the nced to make emerging
technology available to private developers and specifically to involve industry in fusion to
pave the way for its commercialization.

It is desirable to maintain the momentum of experience in these kinds of tests. It is
lime now to take the small-scale experimental work done by INEL, SN'L and other
laboratories to the next level of integration and complexity. Single-effect testing needs to
be joined by more integrated-cffects testirg to verify understanding of the mechanisms
involved and reveal synergisms that may exist.
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